Treatment of Candida albicans with low concentrations of either hydrogen peroxide or menadione (a superoxide generating agent) induces an adaptive response which protects cells from the lethal effects of a subsequent challenge with higher concentrations of these oxidants. Pre-treatment with either menadione or hydrogen peroxide is protective against cell killing by either oxidant. This suggests that the pathogenic yeast C. albicans (unlike the budding yeast Succhuromyces cerevisiue which has separate responses) possesses an adaptive response that responds to both these oxidants. In addition, we found that C. ulbicuns showed a greater level of resistance to oxidants, both H,O, and redox-cycling agents, compared to that observed with S. cereuisiae. In an attempt to characterise the oxidative stress response in more detail we have analysed the effect of oxidants on the activities of a number of enzymes with known antioxidant activity.
Introduction tive responses to oxidants (of bacterial or fungal
All aerobically growing micro-organisms encounter toxic, reactive oxygen species (ROS) including the superoxide anion CO,), H,O, and the hydroxyl radical. A major source of ROS is the phagocytic cells of the host immune system. Indeed, the microbiocidal effect of ROS is central to the destruction of potential pathogens [l] . As a result of the harmful nature of ROS many organisms possess adaptive stress responses, which involve the synthesis and activation of protective enzymes or molecules [V] .
At present little is known about the role of adappathogens) in the virulence process. Given the nature of the immune system's defence against pathogens, consisting of (at least in part) the production of ROS, pathogens will be exposed to oxidative stress when phagocytosed by phagocytes such as neutrophils. Recent studies have implicated a role for adaptive responses to oxidants in pathogenesis.
Analysis of the proteins of S. typhimurium that are induced by growth within macrophages has shown that the levels of several OxyR and SoxR/S regulated polypeptides are elevated [4] . Also, the SoxR/S regulon can be activated by NO' resulting in protection against activated macrophages [5] . In addition, several oxidant-inducible proteins of the pathogen Yersinia enterocolitica are also induced in cells that have been phagocytosed by macrophages [6] . Finally, Fe-super-oxide dismutase mutants of the pathogen Shigellu jlexneri are hypersensitive to the microbiocidal effects of host macrophages and neutrophils [7] .
Cundidu albicans is an important opportunistic pathogen of man, which can cause both superficial and systemic infections [8] . Oxidants, particularly ROS, produced by phagocytes are known to be important in combating fungal infections [9] . While work on the azole antifungal drugs suggests that their efficacy is in part due to sensitising C. ulbicuns to the oxidants produced by macrophages [IO] . Recently, the differential sensitivity of 'white' and 'opaque' cell types of C. ulbicuns strain WO-1 to oxidants and neutrophils has been reported [ 11 I.
We have studied the response of C. ulbicuns towards oxidants as a first step towards determining the role of adaptive oxidative stress responses in the virulence process.
Materials and methods

I. Yeast strains and techniques
The Cundidu ulbicuns strain 3153 was used throughout this study and was obtained from Dr. 
Menudione and Hz O2 adaptation experiments
To determine the degree of protection against cell killing afforded by menadione and H,O, pretreatment, exponential cultures of strain 3 153 were grown aerobically in YPD [ 131 at 30°C in the presence or absence of either H20, (0.4 mM) or menadione (0.5 mM) for 1 h. Cells were collected by centrifugation and washed once in distilled H,O prior to resuspension in an equal volume of fresh pre-warmed YPD medium.
I ml aliquots of these cells were then incubated for 1 h at 30°C with increasing levels of either menadione, plumbagin (we have previously shown that plumbagin, like menadione, toxicity is due to the production of superoxide anions [14] ) or H?O?. after which time cells were washed once in distilled H20, plated out at appropriate dilutions on YPD plates and incubated at 30°C.
Enzyme ussuy~
Extracts for enzyme assays were prepared from exponential phase cultures of C. ulbicuns that had been exposed to adaptive levels of oxidants (0.4 mM H?O? and 0.5 mM menadione) for 1 h, in YPD medium. Cells were collected by centrifugation and washed once in H,O prior to resuspending in 0.1 mM phosphate buffer (pH 7.0) containing 1 mM PMSF and 1 mM benzamidine. Cells were disrupted by vortexing in the presence of glass beads. Glucose-6-phosphate dehydrogenase activity was determined as described by Kao and Hassan [ 151. Catalase activity was determined by following the removal of H ?02 from solution at 246 nm [ 161. Aldehyde reductase activity towards 4-nitrobenzyaldehyde was determined as described by Hayes et al. [17] . Superoxide dismutase activity was determined by the cytochrome c reduction method of McCord and Fridovich [18] . Quinone reductase activity was assayed by the method of Benson et al. [19] . Glutathione peroxidase activity was determined as described by Lawrence and Burk [20] .
3. Results and discussion
Effect of oxidants on C. ulbicuns
In the budding yeast S. cerecisiue, we and others have shown that there are adaptive protective stress responses to HZOZ and superoxide anion generating agents, whereby exposure to a non-lethal dose of either HZOZ or superoxide generating agent confers Downloaded from https://academic.oup.com/femsle/article-abstract/138/1/83/591259 by guest on 15 January 2019 resistance to a normally lethal dose of these oxidants [ 14,2 l-231. Given the importance of oxidant defence mechanisms of phagocytic cells, and the possible role of bacterial oxidative stress responses as survival factors in host macrophages, we postulated that this might also be the case for the pathogenic yeast C. albicans. We were therefore interested in determining whether or not responses similar to those found in the budding yeast S. cerevisiae exist in the pathogenic yeast C. albicans. To investigate this, cultures of C. albicans were exposed to levels of a superoxide anion generator (such as menadione or plumbagin) or H,O, that result in little or no cell killing (0.5 mM menadione; 0.4 mM H,O,) and subsequently exposed to higher levels of plumbagin or H,O, respectively. The results of these experiments demonstrate that low levels of H,O, can induce a protective adaptive response (Fig. 1A) . Exposure to menadione also resulted in a significant increase in the level of resistance towards superoxide anion generating compounds such as menadione and plumbagin (Fig. 1B) . While performing these experiments, we noticed that C. albicans shows a much greater level of resistance to oxidants, both H,O, and redox-cycling agents, compared to that observed with S. cerevisiae (Fig. 2) . We obtained similar results using a C. albicans strain derived from a different clinical isolate, CAF3-1 (data not shown), which would suggest that the increased resistance of C. albicans towards oxidants was a general, rather than a strain-specific phenomenon. C. albicans is therefore more resistant to H,O, and superoxide anions than the non-pathogenic S. cerevisiae. Perhaps this may be necessitated by the more frequent exposure of C. albicans cells to oxidative stress in its normal environment? Conceivably C. albicans encounters oxidants routinely and,' as a result, the higher basal levels of oxidant resistance may be an important factor allowing the cells to survive the initial exposure to oxidants, thus enabling the inducible oxidative stress response to be activated.
Exposure to redox cycling compounds induces protection against H, 0,
Having shown that C. albicans possesses an adaptive stress response to H,O, and menadione, we wished to determine whether these phenotypes were (closed symbols), 0.5 mM menadione (closed symbols), and a control which was not treated with any oxidant (open symbols). The cells were then exposed to increasing levels of either H,O, (A, above) or plumbagin (B, below). Samples were then diluted and plated onto YPD plates to measure cell viability. Data represent the mean of three independent experiments. 3 153 (0 ), 3 153 plus oxidant ( n ). The standard error was always less than 10%. manifestations of one global oxidant stress response or two separate stress responses as found in S. cerevisiae [21] . If there is only one oxidative stress response then exposure to H,O, should result in cross protection to redox-cycling agents and vice versa. Exponentially growing cultures of C. albicans were treated with sub-lethal levels of menadione and aliquots of these cultures were exposed to increasing concentrations of H,O, and the degree of cell survival determined. The results show that exposure to levels of menadione sufficient to induce a protective response to redox-cyclers, does lead to a significant degree of resistance towards H,O, (Fig. 3) . Furthermore, exposure of C. albicans cells to levels of H,O, sufficient to induce an adaptive response, results in full cross protection against the toxic effects of the redox-cycler plumbagin (Fig. 3) and menadione (data not shown). This is in direct contrast to the results obtained with S. cererisiae where HzOz cannot cross-protect fully against redox-cycling agents [21] . These results suggest that C. albicans possesses an oxidant adaptive stress response Samples were then diluted and plated onto YPD plates to measure cell viability. Data represent the mean of three independent experiments. 3153 (0). S150-2B (0). Standard error was always less than 10%.
Hz02 hM1
Plumbagin
[mM] Fig. 3 . Effect of H,O, and menadione on the sensitivity of C'. albicans strain 3153 to either HZ02 or plumbagin. Exponential phase cultures of 3153 were exposed to levels of either H1O, or menadione sufficient to induce an adaptive response. Adapted and non-adapted cultures were then exposed to increasing concentrations of either H,O, (A, above) or plumbagin (B, below) for I h _ _ at 30°C. Data represent the mean of three independent experiments. 3153 control (0). 3153 plus HzOz (m), 3153 plus menadione (0). The standard error was always less than 10%. that can be triggered by both H,O, and superoxide anions. Alternatively, C. albicans may possess two distinct oxidant adaptive stress responses, but in this yeast there may be an additional mechanism (absent in S. cerecisiae) by which H20, can result in the formation of the signal for triggering the superoxide stress response.
Oxidant induction of enzymes with anti-oxidant uctil:ity
In order to examine in more detail the biochemical basis of the protective response and possible Downloaded from https://academic.oup.com/femsle/article-abstract/138/1/83/591259 by guest on 15 January 2019 reasons for the greater resistance of C. albicans towards oxidants compared to S. cereuisiae, we sought to assay the activities of several enzymes with known protective/antioxidant activity in cell extracts prepared from cells after exposure to oxidants and if possible correlate these with the increased levels of resistance. We were interested in catalase and glutathione peroxidase as examples of enzymes capable of destroying hydrogen peroxide. The activities of these peroxidases were both elevated by H,O, and menadione treatment; however, the level of induction by menadione treatment varied for the two enzymes: 21-fold for catalase compared to only 4-fold for glutathione peroxidase (Table 1) . The activity of the cytosolic Cu/Zn superoxide dismutase (Cu/Zn SOD> increased significantly upon exposure to menadione (6-fold) compared to H,O, treatment (2-fold), while the activity of the mitochondrial Mn-superoxide dismutase sustained only modest increases with both oxidants. The correlation of the inducibility of the cytosolic Cu/Zn SOD by redox-cyclers with the acquired resistance to further treatment with them is consistent with the finding that the cytosolic Cu/Zn SOD is one of the major superoxide defence enzymes of S. cereuisiae [ 14,241. found that quinone reductase activity was markedly increased by treatment of cells with menadione (12-fold) but less so by H,O, (5fold) ( Table 1) . Aldehyde reductase is an enzyme that is capable of reducing potentially toxic aldehydes, such as those formed as a result of lipid peroxidation [25] . Aldehyde reductase activity was found to be markedly induced by menadione (30-fold), and to a lesser extent by H,O, treatment (6-fold) ( Table 1) .
As the process of redox-cycling depletes intracellular NADPH, we sought to determine if the activity of glucose-6-phosphate dehydrogenase (an enzyme important in the generation of NADPH) was increased by oxidant stress. Both H,O, and menadione treatment resulted in induction of glucose-6-phosphate dehydrogenase activity (Table 1) . We also looked at the regulation of quinone reductase activity by oxidants. Quinone reductase acts by catalysing the two electron reduction of quinones, thus preventing them undergoing a redox-cycling reaction. We
Taking the results described above into account, it seems reasonable to assume that the induction of the activities of these antioxidant enzymes contributes, at least in part, to the levels of resistance observed upon induction of the oxidant adaptive stress response. The generally greater level of induction of antioxidant enzyme activity seen upon menadione treatment compared to that observed for H,O, is surprising. It is possible that superoxide anion and H,O, (produced by the action of superoxide dismutase) could have an additive effect. An alternative is to suppose that C. albicans does possess two genetically distinct oxidant adaptive stress responses, but that in this yeast there exists an additional mechanism (absent in S. cereuisiae) by which H,O, can result in the formation of the signal, albeit less efficiently than superoxide anion generators, for triggering the superoxide stress response. In this respect it is interesting to note that the pattern of polypeptides induced by menadione is slightly different from that induced by H,O,, perhaps implying that there may well be a separate superoxide stress response (data not shown).
From our study we conclude that the pathogenic yeast C. albicans possesses an adaptive oxidant stress response that is responsive to both H,O, and superoxide anion generators. In addition, the re- Cultures of 3153 were grown aerobically at 30°C in YPD medium to early exponential phase (approximate OD,,, = 0.15). Cultures were then exposed to either H,O, (0.4 mM) or menadione (0.5 mM) for 1 h. Cells were harvested and extracts prepared and assayed as described in Section 2. Values presented are the means of assays from extracts of three independent cultures. G-6-PDH, glucose-6-phosphate dehydrogenase; GPX, glutathione peroxidzse; MnSOD, Mn-superoxide dismutase; Cu/ZnSOD, Cu/Zn-superoxide dismutase.
sponse of C. albicam to oxidants differs from that observed in the well characterised (normally nonpathogenic) budding yeast S. cewcisiae, in that it is constitutively more resistant to oxidants. The precise molecular mechanisms regulating the oxidative stress response of C. albicans are not yet known, and it remains to be determined whether the observed regulation of the enzymes assayed in this study is at the level of transcription or is post-transcriptional.
Further work is required to ascertain whether the oxidative stress response plays an important role in protecting C. albicans against reactive oxygen species generated by host phagocytes.
